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Abstract—A new method for generating optical microwave mix-
ing based on the optical phase modulation and the fiber chromatic
dispersion is further investigated. A theoretical approach based
on the analysis of the optical field spectrum has lead to the eval-
uation of the mixing power and optimal fiber lengths of 60-GHz
radio-over-fiber (RoF) networks. Results have shown adaptable
fiber lengths to match the network specifications.

Index Terms—Fiber chromatic dispersion, frequency modu-
lation, optical fiber communications, optical microwave mixing,
phase modulator, radio-over-fiber (RoF), 60 GHz.

I. INTRODUCTION

RADIO-OVER-FIBER (RoF) systems are attractive for
many applications, such as broadband wireless access

networks, radar, and satellite communications, and have been
intensively investigated in the last few years [1], [2]. The
fundamental function of an RoF network is to distribute radio
signals over the optical fiber by taking advantage of its low
loss wideband and immunity to electromagnetic interference
caused by optics. In future RoF networks, as for millimeter-
wave (mm-wave) band wireless standards of around 60 GHz,
optical domain processing could also provide many functions,
such as optical millimeter-wave frequency mixing in order to
up or down convert subcarrier frequencies of digital signals
without optical-to-electrical (O/E) and electrical-to-optical
(E/O) conversions [3], [4]. The main solutions are based on the
use of electrooptic modulators but suffer from the effect of fiber
chromatic dispersion [5]. In this paper, we deeply investigate
a novel approach for optical microwave mixing that we have
already presented in [6] and [7]. This mixing system uses an
electrooptic phase modulator in combination with a length of
single-mode fiber (SMF) to realize the all-optical subcarrier
frequency conversion. It takes advantage of the chromatic dis-
persion of the fiber to convert the phase-modulated signal to
an intensity-modulated signal. In this paper, for the first time,
we develop a theoretical analysis of the mixing process, which
leads to a discussion about the possible topologies of 60-GHz
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Fig. 1. Optical MW mixing system: LD, PM, SMF, and PD.

RoF networks using this technique. The theoretical analysis
and simulations performed aim at understanding the contribu-
tions of intensity modulation (IM), FM, and phase modulation
(PM) in the frequency conversion process. Measurements are
presented in order to validate this approach. The theoretical
model is used to evaluate the mixing power and the optimal
fiber lengths for a 60-GHz RoF network. A method based on
the analysis of the optical field spectrum is also demonstrated.

This paper is organized as follows. The experimental setup is
described in Section II. The theoretical approach is presented in
Section III. Simulation results and measurements are compared
and discussed in order to validate this approach in Section IV,
and the characteristics of the RoF network are discussed for
60-GHz wireless applications in Section V.

II. OPTICAL MICROWAVE MIXING SETUP USING A PHASE

MODULATOR AND A DISPERSIVE FIBER

A laser diode (LD) emitting at a wavelength of 1550 nm is
directly modulated by a continuous wave (CW) microwave
(MW) signal at a frequency of fRF. This direct modulation
causes IM and FM known as chirp at the output of the LD. The
signal from the LD is coupled into a phase modulator driven
with a CW electrical signal with a frequency of fLO. The signal
at the output of the phase modulator is then injected into a dis-
persive SMF with a dispersion coefficient of 17 ps/(nm · km).
At the output of the fiber link, the signal is detected by a
20-GHz bandwidth photodetector (PD). An electrical spec-
trum analyzer is then connected to the output of the PD. The
schematic of the experimental setup is shown in Fig. 1.

III. EXPRESSION OF THE OPTICAL FIELD AT THE OUTPUT

OF THE PHASE MODULATOR

The expression of the optical field at the output of the LD is
given by

ELD(t) =
√

1 + m cos(2πfRFt)ejβ sin(2πfRFt)ej2πf0t (1)
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where m is the IM index, β is the FM index at fRF, and f0 is
the frequency of the optical carrier.

In the linear part of the LD characteristic, (1) can be approx-
imated as follows:

ELD(t) =
(
1 +

m

2
cos(2πfRFt)

)
ejβ sin(2πfRFt)ej2πf0t. (2)

Light from the LD is coupled to the phase modulator. Then,
the optical field EPM(t) at the output of the phase modulator is
given by

EPM(t) = ELD(t)ej πV
Vπ

cos(2πfLOt) (3)

where V is the voltage at the frequency fLO applied to the phase
modulator, and Vπ is the half-wave voltage of the modulator.

Considering (1) and (3), after a Bessel function expansion,
we can write

EPM(t) =
(
1 +

m

2
cos(2πfRFt)

)
ej2πf0t

×
[
J0(β) + 2

+∞∑
k=1

J2k(β) cos(2π2kfRFt)

+ 2j
+∞∑
k=0

J2k+1(β) sin (2π(2k + 1)fRFt)

]

×
[
J0

(
πVLO

Vπ

)
+ 2

+∞∑
k=1

(−1)kJ2k

(
πVLO

Vπ

)

× cos(2π2kfLOt) + 2j
+∞∑
k=0

(−1)kJ2k+1

×
(

πVLO

Vπ

)
sin (2π(2k + 1)fLOt)

]
. (4)

Useful expressions of complex envelopes of the spectral lines
SLf at the optical frequency f can be derived from (4)

SLf0 = J0(β)J0

(
πVLO

Vπ

)

SLf0+ε(fRF+fLO) = εjJ1(β)J1

(
πVLO

Vπ

)

+ j
m

4
J0(β)J1

(
πVLO

Vπ

)

SLf0+εfRF = εJ1(β)J0

(
πVLO

Vπ

)

+
m

4
J0(β)J0

(
πVLO

Vπ

)

SLf0+εfLO = jJ1

(
πVLO

Vπ

)
J0(β)

with ε = ±1. (5)

The output power of the phase modulator at a frequency of fLO

is generated by the dominant beatings of SLf0+fLO , with SLf0

(noted SLf0×SLf0+fLO) and SLf0×SLf0−fLO . It can be seen

from (5) that both beating terms have the same amplitude but
are out of phase. This property causes the well-known result
that there is no detected power at fLO at the output of the phase
modulator.

The output power of the phase modulator at frequency of fRF

results from the dominant beating terms SLf0+fRF×SLf0 and
SLf0×SLf0−fRF . This time, both beating terms do not cancel
out each other due to the presence of IM at the LD output. As a
consequence, power at frequency fRF can be detected, and this
power is expressed as follows:

P (fRF) = ηm2J2
0 (β)J2

0

(
πVLO

Vπ

)
(6)

where η includes the responsivity and the load impedance of
the photodetector.

From (6), it can be noticed that P (fRF) is proportional to the
square of the IM index of direct modulation of the LD.

The output power of the phase modulator at the mixing fre-
quency fRF + fLO results from the sum of the following domi-
nant beating terms:

a) SLf0+(fRF+fLO)×SLf0 and SLf0 × SLf0−(fRF+fLO),
expressed as “central beating terms” because they are
related to SLs, which beat with the central optical fre-
quency;

b) SLf0+fRF×SLf0−fLO and SLf0+fLO×SLf0−fRF ex-
pressed as “cross beating terms,” which also contribute
to the mixing power.

Other beating terms which generate the mixing frequency
fRF + fLO are caused by higher order intermodulation prod-
ucts, they are very small and can be negligible.

The dominant beating terms which generate MW mixing
at fRF + fLO are represented in Fig. 2. The contributions in
detected mixing power induced by the IM of the LD cancel in
the sum of central beating terms and in the sum of cross beating
terms, which is not the case for contributions induced by FM
and PM. As it is illustrated in Fig. 2, the central beating terms
have the same phase shift of ∆ϕ1 = ∆ϕ2 = π/2, but they
are in phase opposition with cross beating terms, which have a
phase shift of ∆ϕ3 = ∆ϕ4 = −π/2. As shown in (5), the am-
plitudes of these beating terms are equal, and the contributions
in detected mixing power induced by FM and PM cancel too;
consequently, there is finally no detected power at the mixing
frequency fRF + fLO at the output of the phase modulator.

IV. ANALYSIS OF THE IMPACT OF THE DISPERSIVE FIBER

ON THE ELECTRICAL FIELD

The dispersive fiber is used to change the phase relationship
between all spectral lines SLf which generate mixing power,
which is fully or partially in phase. The FM of the LD and
PM are then converted to IM. When the converted, signals are
fed to a photodetector, and the mixing signal at fRF + fLO is
obtained. The transfer function of the dispersive fiber Hfib(f)
[5] is given by

Hfib(f) = exp
[
j
πDLf2λ2

0

c

]
(7)
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Fig. 2. Beatings of spectral lines in the optical field spectrum to generate MW mixing at fRF + fLO.

Fig. 3. FFT simulations of mixing power at 10 GHz as a function of fiber
length for different IM index m.

where c is the velocity of the light in vacuum, D is the
coefficient of chromatic dispersion of the fiber [D =
17 ps/(nm · km)], and f is the modulation frequency.

After propagation over a distance L in the dispersive fiber,
new phase shifts are induced for all spectral lines (5). These
phase shifts are calculated from the transfer function of the
dispersive fiber (7), resulting in new expressions for the phase
of beating terms ∆ϕ′

1, ∆ϕ′
2, ∆ϕ′

3, ∆ϕ′
4 at the output of

the fiber

∆ϕ′
1 =

Lλ2
0Dπ(fRF + fLO)2

c
+ ∆ϕ1 and ∆ϕ′

2 = π − ∆ϕ′
1

∆ϕ′
3 =

Lλ2
0Dπ

(
f2
LO − f2

RF

)
c

+ ∆ϕ3 and ∆ϕ′
4 = π − ∆ϕ′

3

(8)

where initial phase shifts are ∆ϕ1 = ∆ϕ2 = π/2 and ∆ϕ3 =
∆ϕ4 = −π/2, as defined in Section III.

A. Influence of the IM Index on the Mixing Power

The mixing power detected at the output of the dispersive
fiber can be calculated by fast Fourier transform (FFT) simula-
tions of the optical field at the output of the phase modulator (3),
multiplied by the transfer function of the dispersive fiber (7).
Fig. 3 shows the FFT simulations of the mixing power at a
frequency of 10 GHz (fRF = 3 GHz and fLO = 7 GHz) for the

IM index varying from 0.1 to 0.6. These simulation results have
shown a shift in the amplitude of the mixing power with the
IM index but no modifications in the shape of the curve as a
function of fiber length for m in the range (0.1–0.4). Under this
condition, we can expect that the terms in (5), which contain the
IM index, have a very low influence, since they would change
the shape of the response of the mixing power as a function
of fiber length in the FFT simulations. Fig. 4 shows the FFT
simulations of the mixing power as a function of the mixing
frequency for three different cases: 1) general expression of the
optical field with IM, FM, and PM (1); 2) optical field with only
the IM and PM contribution; and 3) optical field with only the
FM and PM contribution. Simulations for 1) and 3) give identi-
cal results. As expected, with previous analysis, it can be seen
that the influence of the IM term is negligible.

Therefore, the theoretical approach can be simplified by sup-
pressing the terms containing the IM index in the expressions
of the spectral lines (5).

B. Expression of the Mixing Power

In the case of the IM modulation index lower than 0.5, as
discussed before, we can use simplified expressions of spectral
lines (5). As a result, the mixing power is expressed as follows:

PfRF+fLO = A2
∣∣∣ exp [j∆ϕ′

1] + exp [j∆ϕ′
2]

+ exp [j∆ϕ′
3] + exp [j∆ϕ′

4]
∣∣∣2 (9)

where A = ηJ0(β)J0(πVLO/Vπ)J1(β)J1(πVLO/Vπ).
From the expressions of phase shifts in (7), the analytic

expression of the mixing power along the dispersive fiber can
be derived as follows:

PfRF + fLO = 8A2

[
sin

(
Lλ2

0DπfRF(fRF + fLO)
c

)

× sin
(

Lλ2
0DπfLO(fRF + fLO)

c

)]2

. (10)

Equations (9) and (10) show that the changes in the LO and RF
powers only shift the amplitude of the mixing power, which is
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Fig. 4. Simulation of the contribution of the FM and the IM of the LD in the mixing power.

Fig. 5. Simulation/theory/measurement results of the mixing power at 10 GHz
as a function of the mixing frequency.

in agreement with the FFT simulation results shown in Fig. 3
as m is linked to β through the enhancement factor of the
LD [3].

Fig. 5 shows a very good agreement between the FFT sim-
ulation result and the theoretical result (10) for fRF of 6 GHz,
by changing fLO from 300 MHz–14 GHz, with a fiber length of
25 km. On FFT simulation curve, a peak at 12 GHz is caused by
the harmonic of fRF, whereas this peak is not taken into account
in the theoretical analysis. The measurement results have been
made by setting fLO from 300 MHz–7 GHz, as the electrooptic
phase modulator has a limited bandwidth of 7 GHz. There is a
good correspondence between the measurements and the simu-
lation/theoretical results. Therefore, the theoretical analysis has
been validated with the FFT simulations and the experimental
results. The analytic expression for the mixing power in (10)
determines exactly the influence of the parameters, such as fiber
length L, input frequencies, and input powers on the mixing
power.

The conversion loss/gain of the system is the ratio of the
mixing power photo-detected in the presence of the phase
modulator and the fiber to the power measured at the output
of the LD at the frequency fRF. The optimal conversion loss
has been calculated to be −20 dB with simulations/theory.
The measurements have shown a conversion loss of −23 dB,
as the LO frequency was not set to the optimal value [6].
This conversion loss is in the same range as for usual mixing
techniques [3], [4].

C. Fiber Lengths Causing a Mixing Power Cancellation

From (10), we can find the expressions of fiber lengths Lmin

which can cause the complete cancellation of mixing power at
fRF + fLO

Lmin,k =
kc

fLO(fRF + fLO)λ2
0D

k ∈ Z or

Lmin,m =
nc

fRF(fRF + fLO)λ2
0D

n ∈ Z. (11)

The fiber lengths for mixing power cancellation are highly
dependent on the input frequencies.

It is interesting to note from (11) that the first cancellation of
the mixing power happens for a fiber length of Lmin,1 given by

Lmin,1 =
c

fLO(fRF + fLO)λ2
0D

or

Lmin,1 =
c

fRF(fRF + fLO)λ2
0D

> Ldirect

=
c

(fRF + fLO)2λ2
0D

(12)

where Ldirect is the fiber length which causes the first cancella-
tion of power in the case of a direct modulation of a LD or of
an electrooptic modulator at fRF + fLO.

Equation (12) shows that Lmin,0 is longer than the fiber
length Ldirect which causes the first cancellation of power for
a direct modulation of an LD or of an electrooptical modulator
(EOM) at fRF + fLO [8]. This property demonstrates a better
resistance to the fiber chromatic dispersion of this new optical
MW mixing technique compared to classical techniques using
direct modulation or external intensity modulation.

It is important to note that the cancellation of the mixing
power at fRF + fLO will happen when phases of the SLs (5)
will keep the values they had initially at the output of the mod-
ulator. This condition, which is found with a simple analysis
of the optical field spectrum, is fulfilled when

∆ϕ′
1 =∆ϕ′

4 + (2k + 1)π k ∈ Z or

∆ϕ′
1 =∆ϕ′

3 + (2n + 1)π. (13)

Considering (11), condition (13) leads directly to the expres-
sions of Lmin,k and Lmin,n (12).
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Fig. 6. FFT simulation of the mixing power at 60 GHz as a function of the
fiber length.

As the fiber length for mixing power cancellation is highly
dependent on the input frequencies, it can be concluded that
the fiber lengths for the maxima of the mixing power and the
mixing power itself also depends on the values of the input
frequencies.

V. SETUP DEFINITION OF A MIXING SYSTEM FOR

WIRELESS 60-GHz APPLICATIONS

In this section, we suppose that the desired mixing frequency
at the output of the system is fixed at 60 GHz in order to
demonstrate the potential of this technique in future 60-GHz
RoF networks for future indoor wireless LANs [9]. We propose
a method to find the optimal fiber lengths in order to build the
architecture of the network. Once the optimal fiber lengths are
defined, FFT simulation results give indications about the maxi-
mum conversion bandwidth and the input maximum bandwidth
for the up conversion of the broadband signals.

A. Optimal Fiber Lengths for Up-Conversion Process

The mixing power expressed in (10) is highly dependent on
the choice of the fiber length, as described previously. Fig. 6
shows the simulation of the mixing power at a mixing frequency
of 60 GHz as a function of the fiber length for an RF input signal
at fRF = 1.5 GHz. As shown in Fig. 6, the optimal fiber lengths
are found at a local maxima of the mixing power at 60 GHz. For
example, for fiber length ranging from 0–20 km, ten values of
the fiber lengths that cause local mixing power maxima in the
range of −40 to −29 dBm are found.

These optimal fiber lengths (from 1.1 to 20 km) can be used
to interconnect stations equipped with phase modulators in the
RoF network and reach required conditions to generate up-
converted signals which can be emitted by remote base stations
in the 60-GHz bandwidth.

B. Available Conversion Bandwidth

We suppose that the RoF link has been set with an optimal
fiber length defined in Fig. 6 of 1.1, 7.4, or 17.6 km for
frequency conversion at 60 GHz. It is necessary to evaluate the

Fig. 7. FFT simulation of the mixing power as a function of the mixing
frequency for three optimal fiber lengths.

available conversion bandwidth, for a fixed input RF signal at
1.5 GHz, in the limit of 3-dB penalty compared to the central
converted signal at 60 GHz. Fig. 7 shows the mixing power as
a function of the mixing frequency for a fixed input frequency
fRF = 1.5 GHz while changing the LO frequency fLO from
53.5 to 63.5 GHz. It shows that a 3-dB conversion bandwidth
around 60 GHz of 1.5 GHz for L = 17.6 km, of about 4 GHz
for L = 7.4 km, and more than 7 GHz for L = 1.1 km, which
can be suitable for future 60-GHz wireless standards where the
digital signal carrier frequencies are up converted changing LO
frequencies, according to the channel allocation scheme. The
allocation bandwidth of 7 GHz is in the range of bandwidths
proposed for future standards in the 60-GHz band.

VI. CONCLUSION

A new technique for subcarrier frequency up conversion
based on the use of a phase modulator and a dispersive fiber
has been further investigated in this paper. This technique takes
advantage of the chromatic dispersion properties of the fiber
to convert FM and PM into IM. A theoretical approach has
been developed to define the analytic expression of the mixing
power at the output of the dispersive fiber; this result has been
confirmed by FFT simulation results and measurements. This
theoretical/simulation study has lead to optimal fiber lengths
in the RoF network for the maximum mixing power. For
frequency conversion from fRF = 1.5 to 60 GHz, ten values
of fiber lengths ranging from 1.1 to 20 km were found, which
make the architecture of the network very adaptable. The
available conversion bandwidth for around 60 GHz is 1.5 GHz
for a 17.6-km fiber length and more than 7 GHz for a 1.1-km
fiber length.
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